The inclusion complexes of selected sunscreen agents, namely, oxybenzone (Oxy), octocrylene (Oct), and ethylhexylmethoxycinnamate (Cin) with -cyclodextrin ( -CD) were studied by UV-Vis spectroscopy, differential scanning calorimetry (DSC), 13 C NMR techniques, and molecular mechanics (MM) calculations and modeling. Molecular modeling (MM) study of the entire process of the formation of 1 : 1 stoichiometry sunscreen agent/ -cyclodextrin structures has been used to contribute to the understanding and rationalization of the experimental results. Molecular mechanics calculations, together with 13 C NMR measurements, for the complex with -CD have been used to describe details of the structural, energetic, and dynamic features of host-guest complex. Accurate structures of CD inclusion complexes have been derived from molecular mechanics (MM) calculations and modeling. The photodegradation reaction of the sunscreen agents' molecules in lotion was explored using UV-Vis spectroscopy. It has been demonstrated that the photostability of these selected sunscreen agents has been enhanced upon forming inclusion complexes with -CD in lotion. The results of this study demonstrate that -CD can be utilized as photostabilizer additive for enhancing the photostability of the selected sunscreen agents' molecules.
Introduction
Cyclodextrins (CDs) are cyclic oligosaccharides composed of glucopyranose units linked together by oxygen bridges at the 1 and 4 positions ( ,1,4-glycoside bonds) [1] . This class of organized media possesses a hydrophilic exterior and a hydrophobic cavity due to C 3 H, C 5 H, and C 6 H hydrogens and O 4 ether oxygen which enables the CDs to extract a variety of organic guest molecules of appropriate size and hydrophobicity from the bulk aqueous solution [2] [3] [4] . The most familiar members are -, -, and -CDs consisting of six, seven, and eight glucose units, respectively.
Complexation of various compounds with CDs leads to an enhancement in some of the characteristics of the guest molecules, such as thermalstability and photostability, bioavailability, membrane permeability, and solubility [5] . Thus, CDs and their derivatives have been employed in a variety of fields such as catalysis, electrochemical analysis, pharmaceutical and food industries [6] [7] [8] [9] [10] [11] [12] , separation sciences [13] [14] [15] [16] [17] [18] , and biotechnology [19, 20] . In cosmetics the use of CDs is still having a shortage in the literature information in comparison with other areas, whereas most publications are patents. It is noteworthy to mention that significant alterations in the physicochemical properties of the included molecule have been observed upon forming the inclusion complex with CDs [1-3, 12, 21] .
CDs encapsulation of a drug will affect many of the drug's physicochemical properties without affecting its intrinsic pharmacologic properties [4] . One of the most unique properties of CDs is their ability to enhance dermal and transdermal drug delivery without affecting the skin barrier, the stratum corneum. The skin has a much lower affinity for hydrophilic CD molecules, and therefore they remain in the aqueous vehicle system [12] .
CDs have been used for a variety of reasons in cosmetic preparations, such as reducing the odor in mercaptan systems, improving the stability of hair dyes, controlling volatility, and as an active ingredient in antiacne treatments [22] . They may affect the permeation properties of certain active ingredients and have been used to improve fragrance stability. CDs may be also used as emulsifiers in creams or lotions and in an underarm deodorant [22] . CDs have been shown to modify cutaneous absorption of active ingredients, although their overall benefit in this regard has yet to be proven [22] . Since they do not absorb UV or Vis light, CDs can protect a guest molecule from oxidation and photo degradation [6] . Therefore, microencapsulation of sunscreen agents has become recently an interested area of study [23] .
Interaction between ethylhexyl--methoxycinnamate with unmodified and modified -, -, and -CDs was studied by water phase solubility analysis. Although, photodegredation of sunscreen agent was significantly reduced by the formation of inclusion, comparative studies of the influence of CDs on stability showed that -CD increases stability and limits adverse interactions of the UV filter with other formulation ingredients [24] .
Recently, there hve been growing interests in utilizing molecular mechanics (MM) and modeling to study the inclusion complexes of CDs [25] [26] [27] . The MM calculation offers better understanding for the inclusion process by providing informative insights onto the energetically favored structure of the inclusion complexes, which is of particular importance in interpreting experimental results.
In the present study, the inclusion complexation of selected sunscreen filters, oxybenzone (Oxy), octocrylene (Oct), and ethylhexyl-methoxycinnamate (Cin) (Scheme 1) with -CD (Scheme 2) in aqueous solution and solid phase was investigated by UV-Vis spectroscopy, differential scanning calorimetry (DSC), and,molecular mechanics (MM) calculations and modeling. The photostability of dermal preparations in the presence and absence of -CD was investigated by UV-vis spectrophotometry.
Experimental
2.1. Chemicals. -Cyclodextrin ( -CD) (≥97% purity) was supplied by Sigma-Aldrich Co. The sunscreen filters Oxy, Cin and Oct (98% purity) were kindly provided by ALFA Chemical Manufacture (Amman, Jordan), supplied from Haarmann and Reimer Germany (H&R). Emulgade 1000 (cetostearyl alcohol), Eumulgin B1 (polyglycerol poly-12hydroxystearate), Lanette 16 (cetyl alcohol), Eutanol G (octyl dodecanol), Crodamol IPM (isopropyl myristate), glycerin, methyl paraben (MP), and propyl paraben (PP) were also kindly provided by ALFA Chemical Manufacture. Methanol, ethanol, and acetonitril of HPLC grade were purchased from Sigma-Aldrich. For photostability, formulation, in solid and liquid inclusion complexes, all solutions were freshly prepared with deionized water. All chemicals were used without further purification. Lotion with sun protection factor 30 (SPF 30) was provided by ALFA.
Measurements and Methods

Preparation of the Inclusion Complexes. All samples
were prepared by dissolving about 200 mg with different molar ratios 0 : 1, 1 : 1, and 2 : 1 of [ -CD] : [sunscreen agents]. Complexations with -CD and sunscreen agents were done in methanol/water mixture (85 : 15, v/v) with stirring in solution for 48 hours at room temperature. The solid form of the inclusion complexes was prepared by freeze-drying method. The solution was frozen by immersion in shell freezer and freeze-dried over 24 h in a Lyph lock 6 freeze dryer (Labconco). 
Inclusion in Formulation.
Dry mixing method was used in preparation of inclusion paste. The inclusion paste was formed by mixing the three sunscreen agents Oxy, Cin, and Oct and preservatives methyl paraben (MB) and propyl paraben (PP) with different amounts of -CD. The complexation took place by mixing the paste for more than 25 minutes. The thickness of the paste seems to depend almost on the amount of -CD. Unfortunately, the guests (Oxy, Cin, Oct, MP, and PP) need a large amount of CDs to form equimolar ratio. Usually, in most formulations used in the pharmaceutical industry, cyclodextrins are added as additives in a few percent by weight. Accordingly, in this study the CD, were added in a few weight percent.
Sunscreen Lotion Formulation.
The ingredients of the sunscreen lotion with sun protection factor (SPF) 30 are shown in Table 1 . Procedure: Part A and C was mixed as described in the previous section. Part B was melted at 60 ∘ C. Then, part (A and C) was mixed with part B and hot water (60 ∘ C) was added to the mixture. Then, the mixture was cooled to room temperature. Note that a continuous stirring should be carried out through all steps. Lotion sample was prepared by dissolving about 150 mg of lotion using a mixture of ethanol and water (85 : 15 v/v), and then the solution was diluted to 500 mL.
UV-Vis Spectrophotometry
Measurements. UV-Vis spectra were recorded with a Shimadzu single beam UV-Vis spectrophotometer (UV-2401 (PC) S). The spectra of the sunscreen agent inclusion complexes were recorded in a mixture of alcohol (methanol or ethanol) and water in 1 cm cuvette; for inclusion experiments the concentration of sunscreen agent was ∼30 M, and -CD was added in different molar ratios (one-to fourfold). Stirring time was ranged from two hours up to four days.
Thermal
Analysis. Differential scanning calorimetry (DSC) measurements were carried out using Shimadzu DSC-50 system equipped with a computerized data station TA-5 WS/PC and with vented aluminum pans. Thermograms of ∼10 mg samples were obtained by scanning within a temperature range of 50-400 ∘ C and scanning rate of 10 ∘ C/min. An empty pan was used as a reference.
2.2.6. 13 NMR Study. The 13 C NMR spectra were recorded at 25 ∘ C using Bruker Model AC-200E spectrometer with Me 4 Si as an internal standard, operating at nominal 13 C frequencies 63 MHz. In all measurements the solvent was DMSO-d 6 .
2.2.7. MM Calculations. MM calculations were performed in vacuum using Hyperchem software (release 4, Hyperchem Inc., Waterloo, ON, Canada) and MM+ force field. A relative permittivity of 1.5 and conjugate gradient algorithm of 0.1 Kcal/molÅ were applied for electrostatic interaction and minimization, respectively. The -CD structure was built using previously published X-ray diffraction data [28] . Geometrical energies for -CD and drugs' structures were minimized using the MM+ force field. The inclusion process was simulated by positioning the O4 glucosides atoms at the Cartesian coordinates' origin; the -CD was held fixed at the original while allowing the guest molecule to approach and penetrate inside the -CD cavity. Simulations were performed while the guest molecule approaches toward the wide and narrow rim, alternatively. Since each molecule may approach the -CD cavity through different parts of the molecule, MM calculations were performed based on the inclusion of different parts of each guest molecule.
Photostability Study.
The photolysis experiments were performed by using a 150-Watt Mercury UV immersion lamp (Heraus). Photostability of all sunscreen agents was studied separately and as a mixture in lotion. The photolysis cell temperature was controlled by a flow of tap water through the photolysis jacket. The temperature was always less than 40 ∘ C. At this temperature there is no thermal degradation expected for the three sunscreen agents. The photostability of sunscreen lotion has been studied in the absence and presence of -CD. The sunscreen lotions were prepared according to the common procedure described previously in this section. The photostability experiments were performed in cream formulations (oil-in-water emulsion) containing sunscreen lotions (2%, w/w) alone or complexed with -CD. The concentration of sunscreen lotions was held constant for all the cream formulations. One hundred microliters of the lotions or cream formulations was spread, as uniform as possible by circular movements of a gloved finger, onto a 50 cm 2 glass plate (2 mg/cm 2 ). Ten minutes after applications, the plate was exposed to UV radiation for 1 h. For each UV radiation dose, another plate was kept in dark as a control. After exposure, the samples were ultrasonically dissolved in 10 3 L of methanol for 2 min. Then, the solution was transferred to a 10×100 mm glass tube and dried under nitrogen at room temperature. The dried extract was reconstituted with 2 mL of methanol analyzed by UV-Vis spectrophotometer (diluted to 15 L/mL). The results were the average of five experiments. The sunscreen assay was monitored by UV-Vis spectrophotometer. The UV-Vis spectra of the sample have been recorded before and after three hours of irradiation in time interval of one hour. Figures 1-3 show the UV-Vis spectra of Cin, Oct, and Oxy as a function of -CD's concentration at 25 ∘ C, respectively. Inspecting of these spectra, one can observe that for Oxy, the absorption intensity is slightly changing in presence of -CD, while larger changes can be observed for Oct. In contrast, the presence of -CD at different concentrations has a noticeable effect on the absorption intensity of Cin. It is noteworthy to mention that assay determination for Cin was done by UV-Vis spectroscopy, and the absorption was taken at max = 308 nm. It is well known that the Cin has two isomers (E and Z isomers). E-isomer has molar absorption coefficient ( ) of 24000 M −1 cm −1 at max = 310 nm in methanol : water (90 : 10, v/v), while for Z-isomer at max = 310 nm is 12600 M −1 cm −1 in the same solvent. The photoisomerization in solution is always in equilibrium [29, 30] . The purchased raw material is assumed to have 100% of E-isomer, and the isomerization is known to be observed by exposing the sample to irradiation especially in dilute solutions at low concentration. Thus, the photoisomerization is expected to occur through the long time of stirring (three days). Figure 1 shows the UV-Vis absorption spectra of the sunscreen filter (Cin) in absence and presences of different -CD's concentration at room temperature (25 ∘ C). Short looking at Figure 1 lets one conclude that the absorption intensity decreases with the concentration of -CD and two isosbestic points were observed. The observation of two isosbestic points in the UV-Vis absorption spectra proposed the presence of two equilibria. These equilibria are attributed to two possibilities: the first is between Cin and -CD in 1 : 1 and 1 : 2 molar ratio (Cin : -CD), and the second is between two configurations of Cin (E and Z isomers), whereas the two configurations of Cin have different values of extinction coefficient ( ). Figure 4 shows the two Cin configurations.
Results and Discussion
UV-Vis Spectrophotometry Study.
Oct and Oxy have given small changes in absorption upon the inclusion by -CD in methanol/water mixture (Figures 2  and 3 ). It is well known that through inclusion of the molecule within a CD cavity, its UV-Vis spectrum usually changes, due to partially or totally replacement of the salvation shell of the molecule by the CD molecule, which leads to new solute environment interactions [3] . In most studied cases, when the CD is added to an aqueous solution of an organic or inorganic substance significant changes in the position and intensity of the absorption spectra are observed. Thus, the small changes in absorption upon the inclusion of Oxy and Oct by -CD suggest that the new solute environment interactions by -CD are not significantly effective in case of Oxy and Oct. 
Thermal
Analysis. Thermal analysis methods, particularly DSC, are widely used in pharmaceutical fields, ranging from control of raw materials to stability, and preformulation studies for development of new formulation [31] . In this study DSC is utilized to evident the complexation between sunscreen agents and CD. Typically, a shift or disappearance of the endothermic peak that corresponds to the melting or sublimation points of pure guest molecule is observed upon performing similar DSC analysis of the inclusion complex [32] . Figures 5-7 show the DSC thermograms of solid complexes (1 : 1 molar ratio), physical mixture (1 : 1 molar ratio), pure sunscreen agents (Oxy, Cin, and Oct), and pure -CD. As can be noticed from Figures 5-7 , the DSC thermogram of -CD has two peaks: one broad endothermic peak above 100 ∘ C, corresponding to the release of water from -CD [33] , and another less broad endothermic peak above 300 ∘ C, corresponding to the decomposition of -CD. Furthermore, the DSC thermogram of Oxy ( Figure 5 ) exhibits a sharp endothermic peak at approximately 65 ∘ C, corresponding to the melting of Oxy, that hardly appeared in the physical mixture of Oxy and -CD and completely disappeared for the inclusion complex ( Figure 5 ). This observation confirms the formation of the inclusion complex of Oxy with -CD. Figure 6 shows the thermograms for the Cin sunscreen agent; as can be observed from this figure, the thermogram of the physical mixture of Cin : -CD was different from that of inclusion complex of Cin : -CD ( Figure 6 ); this observation confirms the formation of the inclusion complex of Cin with -CD. Figure 7 shows the thermograms for the Oct sunscreen agent; as can be observed from this figure, the thermogram of the physical mixture of Oct : -CD was similar to that of inclusion complex of Oct : -CD ( Figure 7) ; this indicated that inclusion of Oct with -CD could properly take place in both types of preparations, by physical mixing and by solution mixing followed by removal of solvent. These sunscreen agents are known to be affected by both mixing time and delay time before doing the thermal analysis. Since both Cin and Oct sunscreen agents are liquid below room temperature (25 ∘ C), the DSC thermograms of pure Cin and Oct could not be measured.
13 NMR Study.
Here, we have addressed the possible complexation/inclusion of the three sunscreens (Oxy, Cin, and Oct) in -CD with 13 C NMR spectroscopy, combined with other complementary characterization techniques (such as DSC). The 13 C NMR spectra for the pure sample of sunscreen agents (Oxy, Cin, and Oct) were compared to the spectra of their complexes with -CD in order to identify the shifts that could provide evidence for complexation phenomena. The results of this study were summarized in Table 2 . Table 2 shows the 13 C chemical shifts of the free sunscreen agents and in the presence of complex-forming agent ( -CD), as well as the shift differences between equivalent spectral points of the free sunscreen agents and their inclusion complexes with -CD. From these results it can be seen that both positive and negative shielding effects occur, in which the magnitude of the shielding changes was larger for the carbon atoms of the phenyl groups of the sunscreen agents. These shifts may be result of either a higher shielding of carbon atoms of phenyl group in the -CD cavity or a larger stability in the equilibrium between complexes and free sunscreen agents (or both) [34] . It is hard to determine the exact structure of the complexes based on NMR data, specially the orientation of -CD rims. However, Figure 8 shows a typical 1 : 1 inclusion complex structure for Oxy with -CD based on 13 C NMR shifts. 
MM Calculations.
All calculations were performed using the Hyperchem software package. Importantly, the focal benefit of performing MM calculations is to provide some insights on the inclusion process that can support the experimental findings. In order to provide comprehensive computational analysis, two principal modes were considered: inclusion through the wide and narrow rims of -CD cavity. In addition, various parts of the proposed sunscreen agents' molecules were allowed to penetrate inside the -CD cavity. Scheme 3 shows the reference atoms of Oxy, Cin, and Oct. Thus, each sunscreen agents' molecule would form inclusion complex with -CD via a variety of configurations; for example, Oxy and Cin have two sides of approaching -CD cavity via which it can form the inclusion complex. Therefore, a total of four possible configurations are expected for Oxy--CD and Cin--CD complexes. While Oct has three reference points of approaching, a total of six possible configurations are expected for Oct--CD.
The energy changes (Δ ) or energy of binding ( binding ) accompanying the formation of 1 : 1 inclusion complex between the proposed sunscreen agents' molecule and -CD was considered for judging the most stable configurations of the complex. The Δ was estimated based on the following equation:
where (complex) , (guest) , and ( -CD) are the total energies of the complex, the isolated guest and the isolated host ( -CD), respectively. A negative value for Δ binding indicates that a stable inclusion complex can be formed between guest and -CD. Also, the calculations were performed in vacuum phase without considering the solvation effect. It is worth mentioning that the inclusion complexation process is driven via a combination of forces; this includes electrostatic, van der Waals, bond angle bending, and dihedral angle bending forces. The predominant contribution to the binding comes from the van der Waals forces, whereas the electrostatic contribution is very small. Contribution from other forces was neglected. Table 3 summarizes the values for the binding , van der Waals , and static for all possible configurations of the inclusion complexes of the proposed sunscreen agents with -CD. The binding for the approach of each part in the sunscreen agents' molecule with -CD was computed and summarized. The optimal binding was determined as the minima of the plot of binding versus the -coordinate. Accordingly, the favorable configuration for the inclusion complex of each sunscreen agents' molecule with -CD is shown in Figure 9 with side and top views. The calculations were carried out for the three sunscreen agents based on their tendency to form 1 : 1 inclusion complexes.
The MM results show that the three sunscreen agents can be included in -CD cavity, in the following preference: Oct > Cin > Oxy. This arrangement is anticipated from the 8 Journal of Spectroscopy binding energy ( binding ) for each. This result was noticed for Oct; that it form inclusion within a few minutes when it is monitoring by UV-spectroscopy scanning. Each guest may have a favored approach; Oct has three approaches, the best one isfrom trans phenyl to nitrile and the second from alkyl part then from phenyl cis with nitrile. Steric effect and hydrogen bond formation are the main factor in this case. Usually wide CD rim approach is preferred. This does not happen in Oct approaches from both phenyls, because Oct's geometry cannot accommodate well in -CD. The complexation in water shows that the van der Waals interactions are the predominant contribution to the stabilization of the complexes formed, in which the water molecules forms a cage around the complex and no water molecule penetrates inside the -CD hydrophobic cavity.
Inclusion in Formulation and Photostability Study.
The main goal of complexation of sunscreens agents with cyclodextrins is to enhance the stability, photostability, and wettability of sunscreens agents and to reduce its skin penetration. Loftsson and Masson showed that the effect on skin penetration may be related to cyclodextrin concentration, with reduced flux generally observed at relatively high cyclodextrin concentrations [35] . At higher cycoldextrin concentrations, the excess cyclodextrin would be expected to complex free sunscreens agents and hence reduce skin penetration.
In this study, sunscreen lotion formulation has been prepared aiming to enhance the performance of the sunscreen products. It has been noticed that the prepared lotion containing -CD has gained an excellent physical compatibility. The first observation is that it looked similar to the lotion without -CD, and it was difficult to distinguish between them. By increasing the amount of -CD, it becomes thicker. On the other hand, the other physical properties were indistinguishable such as, spreadability, color, and application. Figure 10 shows the resistance of lotion containing -CD to dehydration. It was observed that loss in lotion's weight was decreased as the amount of -CD increased. The percentage losses due to dehydration after ten days at room temperature were 49%, 40%, and 35% with the addition of 0, 5, and 10 g of -CD, respectively. The result of this study suggested that 10 g of -CD shifted the equilibrium of the complexation reaction towards the complexed form (less dehydration percentage), thereby reducing the amount of free sunscreen agent available for permeation and slowing the rate of skin permeation. Therefore, the higher concentrations of -CD may create a drug reservoir on the skin surface. This is of great importance for the performance of sunscreen products since the UV-absorbing agents must remain in the outermost layer of the skin to be effective. The percentage losses due to dehydration and because the amount of -CD shifted the equilibrium of the complexation reaction towards the complexed form were similar to that observed for using hydroxypropyl--CD in our earlier study [21] . The influence of -CD on the photodegradation process of cream formulations was investigated by UV-Vis spectrophotometric ( Figure 11) ; hence, inclusion complexation with -CD has significantly retarded the rate of the photodegradation reaction of cream formulations. The spectrum obtained from the cream formulations-methanol solution free of -CD exhibited an absorption maxima at 287 and 309 nm (Figure 11(a) ). These characteristic absorption maxima of sunscreen agents were also observed from the cream formulations with 5 and 10 g of -CD solutions sample at 285 and 307 nm (Figures 11(b) and 11(c) ). The slightly blue shift could be attributed to the formation of inclusion complexes in the sample and the more hydrophilic environment surrounding sunscreen agents. Furthermore, it is clear that, after the addition of 5 and 10 g of -CD (Figures 11(b) and 11(c)) the photostability of cream formulations was significantly increased compared to that in absence of -CD (Figure 11(a) ). The spectra shown in Figure 11 indicate that there is a synergetic effect between -CD and other lotion ingredients.
Typically, the enhancement of the photostability of the molecules in the presences of cyclodextrins can be attributed to the inclusion of the guest molecule inside the CD's cavity, either partially or entirely. Hence the photostabilization effect of the examined cyclodextin ( -CD) correlated with their complexation strength with the tested sunscreen agents.
We believe that the results of this study demonstrate that -CD can be utilized as a photostabilizer additive for enhancing the photostability of sunscreen agent's molecules. Moreover -CD can act as a reservoir for the sunscreen agents on the skin surface which will reduce its transdermal permeation.
Conclusion
In the present study, we have demonstrated the ability of -CD to form inclusion complexes with selected sunscreen agents, namely, Oxy, Cin, and Oct. The formation of the inclusion complexes was confirmed experimentally using DSC, 13 C NMR, and theoretically MM calculations and modeling. The NMR data agree well with MM results; thus modeling has been used to describe details of the structural, energetic, and dynamic features of host-guest complex.
MM calculations revealed that Oxy exhibited slight preference for inclusion through the wide rim over the narrow rim of the -CD, whereas Cin and Oct exhibited significant preference to penetrate through the narrow rim, which could be mainly attributed to the large geometrical sizes of the Cin and Oct molecules.
The results of spectrophotometric study has shown that the inclusion complexation with -CD has the potential to enhance the photostability of the selected sunscreen agents in lotion. Retarding the photodecomposition of the sunscreen agents' molecule in the presences of -CD can be attributed mainly to the protection role of -CD upon including the sunscreen agents' molecule inside its cavity. The results were highly consistent with Oxy and Cin photostability studies. The present study provides an insight on the importance of investigating the photostability of sunscreen agents' molecules and proposes a remedy for enhancing such imperative property.
